Life falls into three fundamental domainsArchaea, Bacteria, and Eucarya (formerly archaebacteria, eubacteria, and eukaryotes, respectively). Though Archaea lack nuclei and share many morphological features with Bacteria, molecular analyses, principally of the transcription and translation machineries, have suggested that Archaea are more related to Eucarya than to Bacteria. Currently, little is known about the archaeal cell division apparatus. In Bacteria, a crucial component of the cell division machinery is FtsZ, a GTPase that localizes to a ring at the site of septation. Interestingly, FtsZ is distantly related in sequence to eukaryotic tubulins, which also interact with GTP and are components of the eukaryotic cell cytoskeleton. By screening for the ability to bind radiolabeled nucleotides, we have identified a protein of the hyperthermophilic archaeon Pyrococcus woesei that interacts tightly and specifically with GTP. A defining feature of the eukaryotic cell is the cytoskeleton, which maintains cell shape and integrity and mediates the partition of cellular constituents during cell division. The cytoskeleton is also required for cell movement and the uptake of materials from the environment by phagocytosis or endocytosis. Significant components of the cytoskeleton are the a, f3, and y tubulins which, in the presence of GTP, polymerize to form microtubules. Consistent with their important roles, tubulins are among the most conserved proteins known. Although tubulins are not present in Bacteria, the highly conserved eubacterial cell division protein FtsZ is distantly related to tubulins in sequence and has functional similarities with tubulins (16, 17). Like tubulins, FtsZ binds GTP and is a , and it polymerizes to form filaments in the presence of this nucleotide (16, 21) . Moreover, FtsZ is required for Bacterial cell division and localizes to the septum that forms between dividing daughter cells (22). Together, these findings raise the possibility that eubacterial FtsZs and eukaryotic tubulins are derived from a common ancestor.
By comparing the sequences of highly conserved RNAs and proteins, it has been established that life is divided into three fundamental domains, which have been termed Eucarya (eukaryotes), Bacteria (eubacteria), and Archaea (archaebacteria) (1, 2) . This has dispelled the notion that archaebacteria are merely a group of bacteria that are adapted to living in extremes of temperature, salinity, and/or pH. Archaea were not recognized as a distinct phylogenetic entity earlier, because they resemble Bacteria in many ways. For example, eubacterial and archaeal cells are generally similar in morphology, lack a nucleus, and normally have relatively small circular genomes (3, 4) . In contrast, eukaryotic cells are generally larger, have bigger genomes that are organized on multiple linear chromosomes, and contain a nucleus and a variety of other organelles.
Recently, much excitement has arisen from the realization that Archaea are, in many ways, related more closely to Eucarya than to Bacteria. For instance, archaeal translation elongation factors and aminoacyl-tRNA synthetases are generally more similar to their eukaryotic equivalents than to their eubacterial counterparts (for example see refs. [5] [6] [7] . Furthermore, the archaeal RNA polymerase is highly related to RNA polymerases I, II, and III of eukaryotes (4, 8) , and Archaea and Eucarya both possess factors such as the TATA binding protein and transcription factor TFIIB/TFB that have no equivalents in Bacteria (for example see refs. 4 and 9-15) . In many regards, therefore, eukaryotic and archaeal cells are fundamentally similar in their molecular design. It remains to be determined, however, to what degree this relatedness extends to other cellular components.
A defining feature of the eukaryotic cell is the cytoskeleton, which maintains cell shape and integrity and mediates the partition of cellular constituents during cell division. The cytoskeleton is also required for cell movement and the uptake of materials from the environment by phagocytosis or endocytosis. Significant components of the cytoskeleton are the a, f3, and y tubulins which, in the presence of GTP, polymerize to form microtubules. Consistent with their important roles, tubulins are among the most conserved proteins known. Although tubulins are not present in Bacteria, the highly conserved eubacterial cell division protein FtsZ is distantly related to tubulins in sequence and has functional similarities with tubulins (16, 17) . Like tubulins, FtsZ binds GTP and is a GTPase (18) (19) (20) , and it polymerizes to form filaments in the presence of this nucleotide (16, 21) . Moreover, FtsZ is required for Bacterial cell division and localizes to the septum that forms between dividing daughter cells (22) . Together, these findings raise the possibility that eubacterial FtsZs and eukaryotic tubulins are derived from a common ancestor.
Currently, very little is known about the mechanism and control of cell division in Archaea. Furthermore, although there is some evidence for cytoskeletal systems in certain Archaea (23, 24) , no components of an archaeal cytoskeleton have so far been reported. Here, we take advantage of the tight binding of FtsZ and tubulins to GTP to probe for archaeal homologues of these molecules. 7.7/40 mM KCl/0.1 mM EDTA/1 mM MgCl2/0.025% Nonidet P-40/1% milk powder) containing 50 ,uCi of [a-32P]GTP (3000 Ci/mmol). After incubation for 4 hr at room temperature, filters were washed in NBB, air-dried, and exposed to x-ray film. Following secondary screens, DNA inserts from purified positive bacteriophage were amplified by PCR using flanking A primers and cloned into pBluescript (Stratagene).
MATERIALS AND METHODS
Nucleotide Binding Assays. Escherichia coli strain XL-1 Blue, containing plasmids harboring the putative P. woesei FtsZ gene, was resuspended in R buffer (20 mM Tris-HCl, pH 7.5/100 mM KCl/0.5 mM EDTA/0.5 mM DTT/10% glycerol), lysed by sonication, and mixed with SDS protein sample buffer. This material, or P. woesei cell extract, was subjected to SDS/PAGE, and proteins were transferred electrophoretically to nitrocellulose filters. After blocking for 1 hr in TBST containing 5% milk powder, filters were transferred into NBB containing 50 (25) , and alignments were performed using the PILEUP and LINEUP programs of the GCG package (University of Wisconsin; ref. 26) . Phylogenetic comparisons were conducted using CLUSTAL version 1.4 (27) .
RESULTS
To identify archaeal GTP-binding proteins, we electrophoresed P. woesei cell extract on an SDS/polyacrylamide gel, transferred the proteins onto a nitrocellulose membrane, and then probed this membrane with radiolabeled GTP (Fig. 1A) . Strikingly, sequence comparisons (Fig. 2) reveal that the product of the P. woesei ORF is highly related to the sequence of bacterial FtsZ proteins, the FtsZ protein of the Arabidopsis thaliana chloroplast (28) , and the product of a recently identified ORF of the archaeon H. volcanii (see below). The P. woesei protein is also related, albeit to a lesser degree, to eukaryotic a, 1B, and y tubulins (Fig. 2) Fig. 2 ; indicated by underlining) are more similar to the corresponding residues of tubulins than to those of eubacterial FtsZs. Indeed, because of these residues, the alignment shown in Fig. 2 is significantly different than that reported previously for tubulins and eubacterial FtsZs (16) . Specifically, the inclusion of PwFtsZ strengthens the bridge between the tubulin and FtsZ groupings and allows the construction of an alignment that contains fewer gaps than previous alignments.
To assess the relationships between the various tubulins and FtsZ molecules more precisely, sequence alignments were used to construct a phylogenetic tree (Fig. 3) protein FtsA (29) (30) (31) (32) (33) . It will thus be interesting to ascertain whether homologues of these factors exist in Archaea and whether the cell division apparatus and its control mechanisms are fundamentally conserved between Archaea and Bacteria. If this were so, it would be in line with previous studies, which indicate that archaeal and eubacterial cells tend to resemble one another morphologically and which indicate similarities between the process of septation and cytokinesis in Archaea and eubacteria (for example see ref. 34 ).
Because certain residues of PwFtsZ are more similar to the equivalent residues of tubulins than are the corresponding residues of eubacterial FtsZs, we have been able to refine the FtsZ/tubulin alignments reported previously so that fewer gaps are employed. Our Sulfolobus shibatae, which is evolutionarily highly diverged from P. woesei. Furthermore, of the sequences that exist in the databases, PwFtsZ is most related to the putative product of an ORF of the archaeon H. volcanii (see Fig. 2 ). Indeed, although diverged substantially from one another, phylogenetic analyses reveal that PwFtsZ and HvFtsZ form a statistically significant grouping. This is consistent with previous studies, which have suggested that P. woesei and H. volcanii reside on two divergent branches of a monophyletic archaeal kingdom. Taken together, these results suggest that FtsZ may be universal in the evolutionarily diverse archaeal kingdom (35) and imply that FtsZ is likely to have been present in the last common ancestor of all Archaea.
If the above model is correct, a repercussion is that the evolutionary history of the eukaryotic cytoskeletal and cell division systems might be distinct from that of several other cellular components. Thus, whereas the eukaryotic transcription and translation machineries appear to be akin to those of Archaea, the available data suggest that the eukaryotic cytoskeletal and cell division systems have no equivalents in the eubacterial or archaeal cells and may, therefore, have been acquired from another, as yet uncharacterized, lineage. Our data tally with speculations made previously in light of the seemingly unique aspects of the eukaryotic cytoskeleton (for example see refs. 36 and 37). Biochemical, molecular, and genetic approaches directed toward identifying other components of the archaeal cell division apparatus, together with genome sequencing projects currently underway, will doubtless provide insights onto these important evolutionary issues in the near future.
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